Hematopoietic stem cell transplantation (HSCT) has emerged as a curative strategy for sickle cell anemia (SCA); it is necessary to find markers of SCA clinical severity to spare those SCA patients whose clinical course is mild from the morbidity and mortality associated with HSCT. Haplotypes have been correlated with the severity of clinical manifestations in SCA patients, and fetal hemoglobin (HbF) and socioeconomic status (SeS) have also been described as negative factors. We stu- 
Introduction
Sickle mutation of the beta-globin locus, which in the homozygous state gives rise to sickle cell anemia (SCA), is caused by the substitution of an adenine (A) for a thymine (T) in the sixth codon of the beta-globin gene, leading to the substitution of glutamic acid for valine and to the production of hemoglobin S (HbS) [1] [2] . HbS polymerizes under low oxygen tension (hypoxia), producing the characteristic sickle-shaped erythrocytes [3] . This event leads to hemolysis that promotes adhesive properties of circulating cells and the vessel wall. Sickle reticulocytes, increased in number in response to hemolysis, express receptors and ligands responsible for their adherence to endothelium and leukocytes. Reticulocyte adherence provides an additional link between hemolytic anemia and vaso-occlusion [4] , which is the hallmark of SCA. These important pathophysiological aspects of SCA trigger painful events and contribute largely to the morbidity and mortality associated with the disease [5] . Some studies have suggested that SCA is a chronic inflammatory disease, with clinical manifestations being influenced by an inflammatory state which contributes to vaso-occlusive events and therefore appears to play an important role in the pathophysiology of the disease [6] - [8] .
Although SCA is a monogenic disease, its clinical picture is highly heterogeneous with some patients having a mild phenotype and others being severely affected [9] . Many of the factors described as contributing to such heterogeneity are genetically determined (β S haplotypes, concomitant α-thalassemia, fetal hemoglobin [HbF] levels) [10] , while others are influenced by environmental or socioeconomic conditions [11] [12] .
The β S haplotypes are defined by the nonrandom association of restriction endonuclease cleavage sites around the beta-globin gene cluster [13] [14] . These polymorphisms have provided important anthropological data concerning the multiple origins of HbS [15] , and evidence suggests that β S mutation has at least five independent origins which correlate with different haplotypes: Senegal, Benin, Central African Republic (CAR) or Bantu, Cameroon, and Arab-Indian [2] [16] [17] . Several studies have suggested that the clinical severity of SCA is correlated with β S haplotypes, with Senegal and Arab-Indian haplotypes associated with a mild clinical course, which has been attributed to higher HbF levels and packed cell volume (PCV) [11] [18] . Bantu has shown the lowest HbF level and the lowest PCV, being associated with severe clinical manifestations [18] [19] , while Benin and Cameroon apparently present intermediate phenotypes [11] [18] . Despite those studies, the influence of β S haplotypes upon SCA clinical and hematologic features is still a controversial issue [19] . The influence of socioeconomic status (SeS) on the severity of sickle cell disease was evaluated by Okany et al, who found that patients of low SeS had significantly more bone-pain crises over a one-year period [20] . The authors speculated that patients of lower SeS are more likely to live in less comfortable homes with poor sanitation and hence be more exposed to infections that may precipitate pain crises. Furthermore, low SeS has an adverse effect on the nutritional status and hemoglobin concentration of SCA patients [21] . A study conducted in the United Kingdom found that children born into low social classes were more likely to be admitted to the hospital, had longer overall length of hospital stay, and generated higher costs during the first 10 years of life as compared to children born into higher social classes [22] . With the emerging role of hematopoietic stem cell transplantation (HSCT) as a curative strategy for SCA (Michlitsch and Walters, 2008), a reliable marker of clinical severity is of utmost importance.
In the present study, we analyzed the impact of different β S haplotypes, HbF level, and SeS on clinical manifestations in a population of Southern Brazilian SCA patients attending the Center for Sickle Cell Anemia and Hemoglobinopathy at Hospital de Clínicas de Porto Alegre/RS, Brazil.
Patients and Methods
SCA Afro-Brazilian patients of all ages regularly attending at the Center for Sickle Cell Anemia and Hemoglobinopathy at Hospital de Clínicas de Porto Alegre/RS, Brazil, were included in this study. They are followed through periodic evaluations and some are using chronic hemotherapy. Also, some patients have recurrent painful crises, priapism, respiratory infections, stroke, osteonecrosis of the humerus and femurs, even chronic complications such as cognitive impairment, gallstones, proteinuria, chronic renal failure, and pulmonary hypertension. In addition to the outpatient treatment often need care due the acute complications in the Emergency Room or Hospital Admission.
The study was approved by the Research Ethics Committee of Hospital de Clínicas de Porto Alegre, under protocol no. 04-438. Written informed consent was obtained from all patients.
The patients' medical records were reviewed for demographic and clinical data. All recorded clinical data analyzed in this study are from patients who have never received hydroxyurea (HU) or refer to the period before the start of HU treatment, as this drug is known to induce HbF synthesis [23] and to significantly reduce the frequency of vaso-occlusive episodes in most SCA patients. A severe clinical course was defined as two or more (≥2) painful crises per year [24] [25] . The presence of cardiomegaly was determined by echocardiographic parameters obtained from the patients' medical records, and the presence of vasculopathic events such as cerebrovascular accidents (CVA) was based on the recorded clinical data, since only a few patients had undergone magnetic resonance angiography (MRA). For analysis purposes, such occurrences were all grouped under cardiovascular events.
Socioeconomic Status (SeS)
SeS was defined based on the responses of patients to a questionnaire designed and validated by the Brazilian Association of Market Research Agencies, including questions on the number of people in the household, TV, washing machine, and similar appliances. The Brazilian government uses this questionnaire to estimate the purchasing power of individuals and families and categorizes the Brazilian population into 5 socioeconomic levels: A to E-with A being the highest and E the lowest level [26].
Molecular Studies
Venous blood samples were collected and stored at 4˚C until DNA extraction. Genomic DNA was isolated from blood samples as previously described [27] and stored at −20˚C. The β S haplotypes were determined by analysis of the following polymorphic restriction sites: HindIII-γG, HindIII-γA, HincII-3'ψβ and HpaI-3'β Polymerase chain reaction (PCR) was followed by restriction fragment length polymorphism (RFLP) and agarose gel electrophoresis according to Sutton et al [28] .
Statistical Analysis
Descriptive statistics were used due to data asymmetry. Quantitative variables were expressed as median and 25th-75th percentile, and qualitative variables as relative and absolute frequencies. Associations among qualitative variables were evaluated by the chi-square test or Fisher's exact test. Comparisons of age or HbF levels with haplotypes and cardiovascular events were performed using the Kruskal-Wallis test and the Mann-Whitney test, respectively. The level of significance was set at 5% (P < 0.05). The Statistical Package for the Social Sciences (SPSS), version 10.0, was used for data analysis (SPSS Inc., Chicago, Illinois, USA).
Results
A total of 75 SCA patients were included in the analysis; of these, 39 (52%) were male, with a median age of 18.5 (2 -62) years. Fifty (66.7%) patients had 2 or more painful crises per year, and 33 (44%) had some type of cardiovascular event. SeS analysis revealed that 47 (62.7%) patients belonged to C and D socioeconomic levels, and 28 (37.3%) to the B level.
Among the 150 β S chromosomes analyzed, 99 (66%) were identified as Bantu, 41 (27%) as Benin, and 10 (7%) as other haplotypes. As for HbF level, most patients had a concentration above 2 g/dL ( Table 1) . No significant associations were observed when haplotypes were correlated with pain rate, cardiovascular events, or HbF levels ( Table 1) . Although not statistically significant, a tendency to an association between haplotypes and HbF levels was observed, in which individuals with haplotypes classified as "others" showed lower HbF levels (P = 0.051) than homozygous (Ban/Ban, Ben/Ben) and heterozygous (Ban/Ben) individuals (Figure 1) . As expected, older patients had a higher incidence of cardiovascular events than younger individuals (P = 0.013) (Figure 2) . There was no significant correlation between HbF levels and genotype or clinical severity ( Table 1 and Table 2 ). Number of painful crises per year. The pain rate was defined as a visit to a medical facility that lasted more than four hours for acute sickling-related pain, which was treated with a parenterally administered narcotic. 
Discussion
The frequency of β S haplotypes and its correlation with clinical severity, as defined by at least two veno-occlusive episodes per year, HbF concentration, cardiovascular events, and SeS were determined in 75 SCA Southern Brazilian patients who had never received HU.
Our data confirm the prevalence of the Bantu haplotype, followed by Benin, as previously observed by Wagner et al. [29] in the southern region of Brazil, and described in other Brazilian regions [30] . However, our data differ from those reported for North American and Jamaican populations, where Benin haplotypes are more common, reflecting a preference for the traffic of Midwestern Africans to those regions during the British Atlantic slave trade [31] . Such difference is probably due to the African ancestry of our patients. Approximately 2.5 -4.0 million Africans were brought as slaves to Brazil and distributed in all regions of the country [32] . As a result, most chromosomes with the β S gene have one of the five common haplotypes, and in large series of Brazilian SCA patients, a small proportion of chromosomes (5% -10%) is associated with less common haplotypes, referred to as atypical haplotypes [33] .
In the present study, 50 (66.7%) patients had a pain rate ≥ 2, which characterizes a severe clinical course ( Table 1) , and this condition was not associated with the haplotype. There may have been a possible bias because our participants belonged predominantly to the lowest SeS levels, and usually only the severely affected patients regularly attend their appointments at the institution.
In our group of patients, individuals carrying the Bantu/Bantu and Bantu/Benin haplotypes, although not statistically significant, appeared to have a closer relationship with cardiovascular complications than the remaining patients (Table 1) . Likewise, as expected, we found a higher frequency of cardiovascular complications among older patients as compared to younger individuals (P = 0.013) (Figure 2) .
High HbF levels have been associated with fewer vaso-occlusive events and acute chest syndrome (ACS) episodes and reduced mortality rate [25] . However, no association between HbF levels and number of painful crises ( Table 2) or haplotypes was observed among our patients (Table 1) . Interestingly, HbF levels were higher among our patients with the Bantu/Bantu genotype ( Table 1) . Twenty-eight (90.3%) Bantu/Bantu patients showed HbF levels above 2 g/dL, as compared to patients carrying Bantu/Benin, Benin/Benin, or other haplotypes (mean of 4.73, ranging from 3.0 to 7.0). A non-significant, but borderline association indicated that haplotypes referred to here as "others" showed lower HbF levels (P = 0.051) (Figure 1) . HbF production is restricted to a small number of erythroid precursors; their progeny in the blood are called F-cells. Both HbF concentration and its distribution amongst erythrocytes are heritable. The distributions of HbF/F-cell among SCA patients are extremely variable regardless of their total HbF level. Even patients with high HbF can have severe disease since HbF is unevenly distributed among F-cells and some cells might have insufficient concentrations to inhibit HbS polymerization (Steinberg, 2013) . Elevated HbF levels associated with this disease may also be secondary to the accelerated destruction and rapid regeneration of red blood cells. This state of stress erythropoiesis leads to enhanced production of HbF and F cells [34] . Gonçalves et al. [31] also observed a high HbF concentration in Bantu/Bantu individuals, who usually present average levels below 5% [35] . Also, in a study conducted in Lebanon, a higher HbF level was not considered a marker of low severity in SCA patients, as higher HbF levels were surprisingly associated with more severe clinical cases, suggesting that increased HbF levels and genetic factors other than haplotypes were the major determinants of SCA severity in that population [3] . HbF gene expression is regulated by elements linked to the β-globin gene complex that are associated with the β-globin gene haplotype, and by trans-acting elements associated with the BCL11A gene on chromosome 2p16 and the HBS1L-MYB intergenic region on chromosome 6q23 (Steinberg, 2013) . Some authors propose that the distribution of HbF concentrations among F-cells is the most critical element in the pathophysiology of sickle cell anemia (Chang, 1997 and Steinberg, 2013) . According to Steinberg et al. 2013 , total HbF or F-cell percentages are often not a good predictor of disease severity in an individual with sickle cell anemia because they provide no information on the number of F-cells that have levels of HbF sufficient to protect against polymer-induced damage.
Genetic analysis of HbF regulation is therefore key to understanding the spectrum of SCA severity. Regulation of the expression of gamma-globin and suppression of beta-globin occurs by combined transcriptional regulation, chromosome remodeling, and other epigenetic factors and by the kinetics of red blood cell regeneration and differentiation [36] . Current investigation to identify determinants of HbF regulation and its genetic epidemiology has used thousands of single-nucleotide polymorphisms (SNPs) to screen for regions of interest throughout the genome (genome-wide association studies, GWAS) [36] . Comparative GWAS have revealed three different genes or gene loci as most strongly associated with the variation in HbF levels: BCL11A, HBS1L-MYB, and the beta-globin cluster itself [36] [37] .
Finally, it is necessary to acknowledge the importance of a proinflammatory state in SCA patients that appears to play a pathophysiological role as well. Chies et al. [38] observed that an SCA patient became asymptomatic after a kidney transplant surgery and suggested that it could be related to the immunosuppressive therapy received by the patient after the procedure. Although we could not find a significant association between SeS and clinical severity in this study, it is worth pointing out that most of our patients belonged to C and D socioeconomic levels, precluding the evaluation of the actual impact of better sanitation and education on clinical manifestations of the disease, as we have done in an earlier study in which SeS was shown to significantly influence the outcome of bone marrow transplantation in the same hospital (Silla et al. 2009 ).
Conclusions
Our data corroborate the prevalence of Bantu haplotypes among Afro-Brazilians, which is consistent with the origins of the African slaves brought to Brazil during the slave trade. However, no relationship was observed between β haplotypes or HbF levels and the severity of SCA. Moreover, the small number of patients in the upper socioeconomic levels, with good sanitation and higher education level, prevented us from demonstrating a possible protective effect of higher SeS on clinical manifestations. In a time when HSCT is emerging as the only curative treatment for SCA, it is mandatory to find determinants of disease severity, since the procedure is associated with a high morbidity and mortality burden and should be performed early in the course of the disease to avoid end-organ damage before transplantation. Gene polymorphism studies concerning the loci for HbF are underway and will certainly bring new insights into SCA pathophysiology; nevertheless, in this study we showed that HbF levels, in accordance to what was described in Lebanon [3] , might not be an independent marker of clinical severity in all populations of SCA patients.
Studies on genetic polymorphisms are necessary to better understand SCA genetic variations. The genetic modulators identification of disease severity could guide prognosis to determine preventive measures and the best treatment for acute and chronic organ damage. Also, as the proinflammatory state appears to play pathophysiological role in SCA patients and it is related to socioeconomic levels it is important to consider these levels in the bone marrow transplantation scenary.
